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LiCu2O2 single crystals were studied in the temperature range 300 – 1100 K by means of 
heating–cooling curves of differential thermal analysis (DTA), thermogravimetry (TG), 
X-ray powder diffraction and electrical measurements. A reversible first-order phase 
transition between orthorhombic and tetragonal phases was found to take place at 993 K. 
At the transition, a peak is observed in the DTA curves, as well as jumps of the unit cell 
parameters and electrical resistivity. Considering the crystal structure of LiCu2O2 and the 
entropy change associated with the phase transition, it is concluded that the phase transi-
tion is related to processes of order-disorder of the Cu2+ and Li+ cations onto their crystal-
lographic positions.  
 
PACS numbers: 61.05.C-, 61.50.Ks, 61.66.Fn, 65.40.-b, 72.80.Ga 
 
I. INTRODUCTION 
 
The frustrated magnet LiCu2O2 [1 - 6] is one of the few systems among cuprates 
in which magnetism and ferroelectricity coexist and electric polarization can be reversi-
bly flipped with an applied magnetic field. LiCu2O2 contains equal amounts of nonmag-
netic Cu+ and magnetic Cu2+ (S=1/2) cations which are fully ordered onto their structural 
sites at room temperature [7, 8], where the compound has orthorhombic crystal structure 
(space group Pmna, a=  5.730(1), b = 2.8606(4), c = 12.417(2), z = 4, see Fig. 1).  
LiCu2O2 is a model system for investigations of low-dimensional magnetism [9 – 
18], owning to the double copper - oxygen chains along the b axis forming a zigzag lad-
der-like structure. The ladders are isolated from each other by both Li+ ions and layers of 
nonmagnetic Cu+ [7 - 18] (Fig. 1). Exchange interactions between !u2 + in these chains 
cause two consecutive magnetic phase transitions at TN1 = 24.6 K and TN2 = 23.2 K with 
formation of a collinear modulated spin structure below TN1 followed by a non-collinear 
helicoidal modulated spin structure below TN2 [2, 4 - 6, 15, 18]. A strong magnetic - fer-
roelectric coupling has been evidenced below TN2 [11-13]. A spontaneous electric polari-
zation Ps is induced along the c-axis of the crystals by the non-collinear helicoidal modu-
lated spin structure stabilized below 23.2 K. The direction of Ps can be changed by appli-
cation of an external magnetic field [11-13].  
Furthermore, LiCu2O2 crystals also exhibit threshold electrical switching from a 
high to a low resistance state and characteristic S-shaped I-V curves containing a region 
of negative differential resistivity [19, 20]. The rather low values of the critical voltage of 
switching from the high to the low resistance state suggest their potential use as active 
elements of switching devices, controllable inductive elements, and relaxational genera-
tors. Interestingly, the crystal chemistry of LiCu2O2 and high temperature Cu-based su-
perconductors are also quite similar [21, 22]. 
 
Most of the earlier investigations of LiCu2O2 have been carried out at low tem-
peratures (T < 300 K) studying the interplay of spin, charge, and lattice degrees of free-
dom of a model multiferroic system. Also, complete data about the high-temperature re-
gion of the phase diagram of the Li2O – CuO – Cu2O system, and related physical proper-
ties of LiCu2O2 are lacking in the literature as no systematic studies have been carried out 
above room temperature. Here we report on high-temperature thermophysical and X-ray 
powder diffraction studies as well as measurements of electrical resistivity on single crys-
tal samples of LiCu2O2. A reversible first-order transition between orthorhombic and te-
tragonal phases was observed at 993K, tentatively associated with cation order-disorder 
phenomena. 
 
II. EXPERIMENTAL 
 
The single-crystals of LiCu2O2 used in the present experiments were grown by the 
flux crystallization method by slow cooling of the melt 80CuO·20Li2CO3 in alumina cru-
cibles. The growth parameters have been optimized and the corresponding details were 
described earlier [20]. The crystals have black color and they are characterized by lamel-
lar habitus with developed faces {001} (along these faces crystals showed a perfect 
cleavage) and less developed faces {210}. The size of the crystals reached 4"10"10 mm. 
X-ray powder diffraction (XRPD) data at room temperature were collected on a 
Bruker D8 Advance diffractometer (Ge monochromatized Cu K#1 radiation, Bragg-
Brentano geometry, DIFFRACT plus software) in the 2! range 10 – 140o with a step size 
of 0.02o (counting time was 15 s per step). The slit system was selected to ensure that the 
X-ray beam was completely within the sample for all 2! angles.  
Phase identification and purity of the powder sample was checked from XRPD 
patterns at room temperature. Powder diffraction pattern of received crystals showed the 
expected spectra without any impurity lines (Fig. 2). All reflections in the room tempera-
ture XRPD data were compatible with a single-phase orthorhombic structure (space 
group Pnma) with a = 5.7295(4), b = 2.8599(3), c = 12.4161(5) $. These lattice parame-
ters for LiCu2O2 at room temperature are in a reasonable agreement with those published 
in refs. [7, 8] and ICDD database (PDF card 80-2301). The slight disagreement with pub-
lished cell parameters of LiCu2O2 could be explained by the different sample preparation 
methods. 
Thermogravimetric studies were performed using Q - 1500D TG/DTA (thermo-
gravimetry/differential thermal analysis) Paulic – Erdei system. The powder sample was 
placed in a Pt crucible and "-alumina Al2O3!was used as thermally inert material (the ref-
erence sample). The temperature change was linear, 10 K/min. For thermogravimetric 
and x-ray diffraction studies selected single crystals of LiCu2O2 were crushed into pow-
der in an agate mortar. High-temperature x-ray diffraction studies were performed on a Si 
substrate, which was covered with several drops of the resulting powder suspension of 
LiCu2O2 in ethanol, leaving randomly oriented crystallites after drying. In this case pos-
sible parasitic phases can be leached in 10% diluted HNO3. The X-ray diffraction meas-
urements at variable temperature in the temperature range 298 – 1073 K were carried out 
on the powdered sample using an Anton Paar XRK 900 chamber. Helium was used as 
protective gas during high-temperature experiments, as the decomposition of the phase 
LiCu2O2 take place under heating in air above 620 K [20]. 
The magnetic properties of the crystals were measured using a SQUID magne-
tometer from Quantum Design Inc. The magnetization M was recorded in a small mag-
netic field (H = 20 Oe) as a function of temperature (5-300 K) in constant field using ze-
ro-field-cooled and field-cooled protocols. The temperature dependence of magnetization 
shown in Fig. 3 is similar to earlier data obtained on LiCu2O2 [4, 6, 9, 10, 12, 13, 15 - 
18]. The M(T) curves measured in zero-field- and field-cooled conditions sharply de-
crease below 50 K, and (antiferro)magnetic transitions can be observed in the tempera-
ture-derivative of the magnetization (see Ref. [18]). The divergence between zero-field 
and field cooled curves below 150 K may reflect the onset of weak spontaneous magneti-
zation reported  in Ref. [17]. 
Measurements of electrical resistivity were carried using an LCR/ESR meter 
MT4090 (the Motech Industries) in the temperature range of 300 – 1100 K on constant 
(DC) and on variable (AC) current with frequencies 0.1, 1, 10, 100 and 200 kHz. For the 
electro-physical studies, the plates were cut out from crystals with the basic planes paral-
lel to the faces (001) and (210). The area of basic face and thickness of the plates were 
equal to ~10 mm2 and 1-2 mm respectively. Ag-electrodes were attached on the basic 
surfaces of the plates. 
 
III.  RESULTS AND DISCUSSION 
 
A. Thermogravimetric analysis 
  
Under heating of LiCu2O2 powder in air atmosphere a two-stage thermal decom-
position of the LiCu2O2 phase in CuO and Li2CuO2 binary mixture (Fig. 4a) occurs in the 
range 533 – 773 K. This result is in accordance with earlier findings in Ref. [20]. The in-
crease in weight of the sample at decomposition corresponds to transformation of all Cu+ 
to Cu2+ state in the studied phase LiCu2+Cu+O2. Thus, the thermogravimetric analysis 
confirms stoichiometry of LiCu2O2 phase in the studied crystals. At higher temperatures, 
in the range of thermal stability of the phase LiCu2O2 (T > 1058 K), a reduction of weight 
corresponding to reverse reaction of the LiCu2O2 phase formation from the products of its 
decomposition is observed. 
During heating of LiCu2O2 powder in argon atmosphere the phase preserves its 
thermal stability up to the melting temperature (~1300 K). However, during heating the 
DTA curves show a very clear endothermic signal at 993 K, evidencing a first order tran-
sition. On cooling, a corresponding exothermic signal is observed at 983 K, indicating a 
reversible phase transition (see Fig. 4b). The observed peaks are well reproduced in re-
peated measurements (Fig. 4b). Subsequent powder diffraction experiments show that the 
DTA peak can be attributed to a transformation into a tetragonal structure. 
 
B. High temperature X-ray powder diffraction 
 
Variable temperature X-ray diffraction patterns recorded between 298 K and 1073 
K show a structural change around 983 – 993 K (TPT). We show portions of the diffracto-
grams of room temperature and high temperature phases in Fig. 2. It was found that im-
portant changes in the intensity of some reflections take place above TPT. Several corre-
sponding (hkl) reflections with h=2n+1, identified for the low temperature orthorhombic 
polymorph, disappeared confirming the structural phase transition to a tetragonal phase. 
The structural phase transition is reversible (not associated with a compositional change) 
and is of first order. The temperature of this phase transition is consistent with the results 
of thermal analysis. Closer inspection of obtained diffraction data revealed that the new 
unit cell is tetragonal with the same c and a axes, with a cell parameter a that is one half 
of the former one. The unit cell dimensions were determined from the high-temperature 
set of the observed reflections and could be indexed on the base of the tetragonal struc-
ture with a = 2.8959(4) and c = 12.5490(6) $ (1053 K). The extinction conditions indi-
cated that a primitive space group of symmetry is the most probable for high temperature 
tetragonal form of LiCu2O2.   
Figure 5 illustrates the thermal evolution of lattice parameters for LiCu2O2 in the 
high temperature range. As the temperature is raised up to TPT, the lattice parameters in-
crease gradually, almost linearly with thermal expansion coefficients along a, b and c di-
rections: !a= 11.2x10
-5, !b= 4.2x10
-5 and !c= 19.2x10
-5 1/K. The thermal expansion is 
found to be rather anisotropic, strongest along c-direction and weakest along b-direction. 
The unit cell parameters undergo an important change around TPT showing its discontin-
uous (step-wise) increase. Above TPT the a cell parameter becomes equal to parameter b. 
The order parameter for the phase transition can be defined as ”orthorhombic strain” 
(a!2b)/(a+2b).  
 
C. Electrophysical measurements 
  
During heating a smooth decrease of the resistivity is observed, until the tempera-
ture reaches the phase transition temperature TPT = 993 K in the vicinity of which a sharp 
reduction of resistivity takes place. Such sharp step-like changes of resistivity are ob-
served in measurements both along and perpendicular to the crystallographic c-axis of the 
crystal in heating and cooling modes (Fig. 6). It can be that the resistivity weakly depends 
on frequency, and DC and AC resistivity have close values. Considering Ag electrodes as 
blocking for an ionic component of conductivity, it is possible to conclude that prevailing 
contribution has an electronic origin. 
In the range of 873 – 993 K hysteresis is observed in the resistivity: the values of 
#(T) on heating lie appreciably below those on cooling; below ~873 K no hysteresis is 
observed. The temperature dependence of the resistivity is linear in ln # vs. 1/T plots (ln 
here and below refers to as the natural logarithm) in the range of  300 - 550 K, yielding 
activation energies, Ea = 0.07 eV and 0.17 eV along and perpendicular to c - axis, respec-
tively. 
 
 
D. Analysis of the phase transition 
 
The results of the thermogravimetric, x-ray diffraction and electrical resistivity 
measurements indicate that LiCu2O2 crystals undergo a reversible first-order phase transi-
tion with symmetry change from orthorhombic to tetragonal at 993 K. The orthorhombic 
symmetry of the low-temperature phase is mainly related to the Cu2 + - O and Li+ - O 
chains extended along the axis b. Increase of symmetry of a phase to tetragonal is possi-
ble only at the statistical or ordered redistribution of cations of Cu2 + and Li+ on their 
structural positions leading to averaging of specified chains in the directions along the a 
and b axes (see Fig. 1).  
The area, "A, under the DTA peak at the phase transition (Fig. 4b) allows an es-
timate of the enthalpy (heat) of transition $H : "H = K·M·"#, where K  is a calibration 
factor and M  the mole mass. For calibration of the area we used the thermograms of Ba-
CO3 powder which was recorded in similar conditions and tabulated data [23] on the heat 
of the phase transition in BaCO3 at 1079 K (16.2 kJ/mol). The value of the associated en-
tropy change "S could be calculated as $S = $H/TPT = 4.1 J/(mol·K) = R ln(1.7). The ob-
tained value of "S indicates a considerable orientational disorder in the high-temperature 
phase [24] and therefore we can conclude that the observed phase transition belongs to 
order-disorder type. Judging from shape of curve DTA (Fig. 4b) a possible order -
disorder process in the Li+ - Cu2+ sublattice begins at about 870 K, the further tempera-
ture increasing accompanied by a gradual increase of the disorder which completes dras-
tically at the temperature of the phase transition. 
The possibility of interchangeability of Li+ and Cu2+ cations in LiCu2O2 stems 
from the similarity of their ionic radii of Li+ (0.73 $) and Cu2+ (0.71 $) [25] and the 
same MO5 cation - oxygen polyhedral environment  for both cations. Such disorder of Li
+ 
and Cu2+ cations in structural positions has earlier been established by X-ray structural 
analysis at room temperature in the crystals LiCu3O3 crystals whose chemical formula 
can be represented as  (Li+0.2Cu
2+
0.8)Cu
+(Li+0.8Cu
2+
1.2)O3 [26]. Disordering of the cations 
in the Cu2 + and Li + sublattices during the phase transition is responsible for the decrease 
of the resistance. The amount of cation order-disorder is different on heating and cooling, 
yielding the observed hysteresis in the resistivity above 873 K.  
Polysynthetic twinning observed in LiCu2O2 single crystals [1 – 4, 7, 8, 12 – 14, 
16, 17] is connected with the lowering of the symmetry from tetragonal to orthorhombic 
through the here reported transition. This suggests ferroelastic properties below 993 K 
[27], and hence ferroic order at temperatures well above those at which magnetism in-
duces electric polarization.  
 
 
IV. CONCLUSIONS 
 
In summary, our high-temperature studies of LiCu2O2 single crystals reveal a re-
versible first-order phase transition around TPT = 993 K. In the vicinity of TPT well-
defined peaks on DTA curve, an abrupt change of lattice parameters with symmetry 
change from orthorhombic to tetragonal and stepwise changes of the electrical resistivity 
were observed. The orthorhombic room temperature modification of LiCu2O2
 crystals can 
be transformed to the tetragonal structure by heating and this phase transition is found to 
be reversible. 
The specifics of the LiCu2O2 crystal structure and the value of entropy change at 
the transition suggest that the processes of order - disorder of Li+ and Cu2+ cations in their 
structural positions are responsible for the phase transition. The final distribution of the 
specified cations between possible structural positions depends on the sample preparation 
conditions including the cooling rate from high temperatures. This distribution also sig-
nificantly influences the electrical characteristics of the crystals at room temperature. 
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Figure captions 
 
Figure 1. Orthorhombic crystal structure of the low-temperature form of LiCu2O2 (space 
group Pnma - %62, a=5.73 Å, b=2.86 Å, c=12.41 Å, z=4). 
 
Figure 2.  X-ray diffractorgams at room temperature, 873 K and 1053 K (the reflections 
of the low temperature form which are absent in the diffractogram of the high tempera-
ture form are indicated by a *). 
 
Figure 3. Temperature dependencies of the magnetization of crystal LiCu2O2 measured in 
conditions of field-cooled (FC) and zero-field-cooled (ZFC) in a magnetic field of 20 Oe.  
 
Figure 4. Thermograms of powder of a LiCu2O2 single crystal, measured in air - a) and in 
argon – b)  atmosphere (DTA – the curve of differential thermal analysis, m – mass of the 
sample, T – temperature, t – time). Relevant temperatures are indicated on the graphs. 
 
Figure 5. Temperature dependence of the unit cell parameters of LiCu2O2. 
The vertical error bars represent the uncertainties in the XRPD results. 
 
Figure 6. Temperature dependencies of resistivity, #, of LiCu2O2 crystals measured along 
(a, c) and perpendicular (b, c) to the c –axis during heating and cooling of the crystals. In 
panels (a) and (b), the curves labelled 1 correspond to dc-resistivity and the coinciding 
curves labelled 2-6 to frequencies: 0.1, 1, 10, 100 and 200 kHz, respectively. 
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